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Supplementary 

S1. Identification of determining co-products of REE deposits 

As REEs are always produced as co-products of one another, a change in the mining output of 
one element results in the co-production of other REEs that affects other production systems in turn. 
This section provides an analysis of the determining co-product of the deposits that produce REEs as 
the primary output of the mining activity, as well as the subsequent identification of the marginal 
supplier. 

In the period 2013–2016, REEs were the primary output of the Mountain Pass mine in 
California, of mines in Sichuan, and the ion adsorption-type ores in China. Also the Mt. Weld, 
Yangibana and John Galt deposits in Australia (have the potential to) produce REEs as the main 
product [1,2]. The revenue for each mine is calculated by the REE content of the mine and the 
market prices of the rare earth oxides (REOs) in 2013 [3]. The marginal production costs are 
estimated to be 80% of the total revenue [4,5]. The determining co-product is one of the products 
that must be produced to cover the marginal production costs and which has the lowest normalized 
market trend [6].  

Table S1 summarizes the market information on which the calculation of the determining co-
product is based. 
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Table S2–S8 show the characteristics of the deposits in which REEs can be produced as a 
determining co-product. Based on these characteristics, the determining co-product of each mine is 
calculated. Table S9 shows the REE that is identified as the determining co-product of the 
abovementioned deposits. 

The increased demand for the REEs that are produced as determining co-products is modeled by 
the additional production from their marginal supplier. The Longnan and the Southeast Guangdong 
deposits are the only currently operating deposits that produce yttrium and dysprosium as 
determining co-product, respectively. Therefore, these deposits can be identified as their marginal 
suppliers. Among the mines that produce neodymium as a determining co-product, the marginal 
supplier is the producer that has the lowest long-term operation costs [7,8]. The marginal supplier 
could also be a mix of these producers. More knowledge on the characteristics of each mine is 
necessary to identify the marginal supplier in a systematic way. The identification of the marginal 
supplier influences the inventory related to the mining activity, as well as the composition of the 
deposit, hence the production of co-products. Due to the fact that the Yangibana deposit is not in 
operation at the time of analysis and the fact that the Mount Weld deposit is not profitable (as 
mentioned in the paper), it is assumed that the Xunwu mine is the most cost-competitive producer of 
neodymium, and therefore its marginal supplier. 

Table S1. Market information of REEs. 

REE Market prices 2013 (USD/kg) [3] Market trend [9] 

Lanthanum 7.866 6% 

Cerium 7.863 6% 

Praseodymium 91.4 6% 

Neodymium 71.8 7% 

Samarium 13.3 10% 

Europium 1095 8% 

Gadolinium 24 9% 

Terbium 920 8% 

Dysprosium 555 9% 

Holmium 66 8% 

Erbium 68 6% 

Thulium 53* 8% 

Ytterbium 53 8% 

Lutetium 1201 8% 

Yttrium 26 8% 

*Assumption: same market price as ytterbium, as both are co-products from the same extraction activity. 
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Table S2. Characteristics of the Mountain Pass deposit. 

Mountain Pass, US  Concentration (%) [10] Revenue (USD/kg of ore) Normalized market trend 

Yttrium 0.1 0.03 80.0 

Lanthanum 33.2 2.61 0.2 

Cerium 49.1 3.86 0.1 

Praseodymium 4.34 3.97 1.4 

Neodymium 12 8.62 0.6 

Samarium 0.8 0.11 12.5 

Europium 0.1 1.10 80.0 

Gadolinium 0.2 0.05 45.0 

Terbium trace - - 

Dysprosium trace - - 

Holmium trace - - 

Erbium trace - - 

Thulium trace - - 

Ytterbium trace - - 

Lutetium trace - - 

Table S3. Characteristics of the Xunwu deposit. 

Xunwu, Jiangxi, China Concentration (%) [10] Revenue (USD/kg of ore) Normalized market trend 

Yttrium 8 2.1 1.0 

Lanthanum 43.4 3.4 0.1 

Cerium 2.4 0.2 2.5 

Praseodymium 9 8.2 0.7 

Neodymium 31.7 22.8 0.2 

Samarium 3.9 0.5 2.6 

Europium 0.5 5.5 16.0 

Gadolinium 3 0.7 3.0 

Terbium trace - - 

Dysprosium trace - -  

Holmium trace - - 

Erbium trace - - 

Thulium trace - - 

Ytterbium 0.3 0.2 26.7 

Lutetium 0.1 1.2 80.0 
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Table S4. Characteristics of the Longnan deposit. 

Longnan, Jiangxi, China Concentration (%) [10] Revenue (USD/kg of ore) Normalized market trend 

Yttrium 65 16.90 0.12 

Lanthanum 1.82 0.14 3.02 

Cerium 0.4 0.03 15.00 

Praseodymium 0.7 0.64 8.57 

Neodymium 3 2.15 2.33 

Samarium 2.8 0.37 3.57 

Europium 0.1 1.10 80.00 

Gadolinium 6.9 1.66 1.30 

Terbium 1.3 11.96 6.15 

Dysprosium 6.7 37.19 1.34 

Holmium 1.6 1.06 5.00 

Erbium 4.9 3.33 1.22 

Thulium 0.7 0.37 11.43 

Ytterbium 2.5 1.33 3.20 

Lutetium 0.4 4.80 20.00 

Table S5. Characteristics of the Southeast Guangdong deposit. 

Southeast Guangdong, China Concentration (%) [10] Revenue (USD/kg of ore) Normalized market trend 

Yttrium 59.3 15.42 0.1 

Lanthanum 1.2 0.09 4.6 

Cerium 3 0.24 2.0 

Praseodymium 0.6 0.55 10.0 

Neodymium 3.5 2.51 2.0 

Samarium 2.2 0.29 4.5 

Europium 0.2 2.19 40.0 

Gadolinium 5 1.20 1.8 

Terbium 1.2 11.04 6.7 

Dysprosium 9.1 50.51 1.0 

Holmium 2.6 1.72 3.1 

Erbium 5.6 3.81 1.1 

Thulium 1.3 0.69 6.2 

Ytterbium 6 3.18 1.3 

Lutetium 1.8 21.62 4.4 
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Table S6. Characteristics of the Yangibana deposit. 

Yangibana, Australia Concentration (%) [11] Revenue (USD/kg of ore) Normalized market trend 

Neodymium 76% 54.9 0.09 

Praseodymium 20% 18.4 0.30 

Europium 2% 22.7 3.86 

Dysprosium 1% 7.4 6.77 

Table S7. Characteristics of the John Galt deposit. 

John Galt, Australia Concentration (%) [12] Revenue (USD/kg of ore) Normalized market trend 

Yttrium 66.77 17.36 0.12 

Lanthanum 0.46 0.04 11.96 

Ceriuma 

Praseodymiuma 

Neodymiuma 

Samarium 1.25 0.17 8.00 

Europium 0.4 4.38 20.00 

Gadolinium 4.57 1.10 1.97 

Terbium 1.18 10.86 6.78 

Dysprosium 9.34 51.84 0.96 

Erbium 7.12 4.84 0.84 

Ytterbium 5.8 3.07 1.38 

Holmium 3.12 2.06 2.56 

Thuliumb 

Lutetiumb 

aBased on lanthanum; bBased on holmium. 

Table S8. Characteristics of the Mount Weld deposit. 

Mount Weld, Australia Concentration (%) [10] Revenue (USD/kg of ore) Normalized market trend 
Yttrium trace   
Lanthanum 26 2.05 0.2 
Cerium 51 4.01 0.1 
Praseodymium 4 3.66 1.5 
Neodymium 15 10.77 0.5 
Samarium 1.8 0.24 5.6 
Europium 0.4 4.38 20.0 
Gadolinium 1 0.24 9.0 
Terbium 0.1 0.92 80.0 
Dysprosium 0.2 1.11 45.0 
Holmium 0.1 0.07 80.0 
Erbium 0.2 0.14 30.0 
Thulium trace - - 
Ytterbium 0.1 0.05 80.0 
Lutetium trace - - 
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Table S9. Determining co-product of REE mining from mines that produce REEs as the 
main output. 

Mine Status of operation (2013–2016) Determining co-product 

Mountain Pass, US Shut down [13] Lanthanum 

Xunwu, Jiangxi, China Operating Neodymium 

Longnan, Jiangxi, China Operating Yttriuma 

Southeast Guangdong, China Operating Dysprosium 

Yangibana, Australia Start production 2018 [11] Neodymium 

John Galt, Australia Exploration [14] Dysprosium 

Mount Weld, Australia Operating Neodymiumb 

aIf marginal operating costs are 79.6% of the revenue, erbium is the determining co-product. 

bWith the assumption that the marginal operating costs are 80% of the revenue, lanthanum is the determining co-product. The 

determining co-product is neodymium if the marginal operating costs are 78% of the total revenue. The mining company highlights 

that NdPr is their most significant product and that prices for NdPr have remained low [15]. Neodymium is chosen here due to the 

expected increase in price compared to the relatively stable price for lanthanum [16,17]. Considering the fact that the mine is not yet 

profitable [15], the revenue of all elements is currently required. Although currently there is a small surplus of neodymium, the market 

is expected to stay tight and the material has been identified as critical [18], while the surplus for lanthanum is expected to increase [9]. 

Among the critical elements of the mine, neodymium has the lowest normalized market trend. Therefore, neodymium is considered to 

be the determining co-product of the Mount Weld deposit. 

S2. Modeling of the REE separation steps 

The REEs are separated from each other in different separation steps which take place in 
different reactors. We identify first which separation steps are part of the primary production route of 
REEs, and which separation steps could be considered as “valorization activities” from materials 
supplied by storage. The order of separation often follows Figure S1 [19–21]. If the rare earth 
concentrate contains mostly light rare earths (LREE), the focus will be put on the left-hand side of 
the figure, while heavy rare earths (HREE) are mainly extracted in the separation activities on the 
right-hand side of the figure. However, the exact sequence of separation depends on the composition 
of the rare earth concentrate. If a separation activity delivers only REEs of which there is a surplus—
for example, lanthanum and cerium—the elements could be stored as unseparated elements. 

Due to lack of detailed information with regard to the separation activity, it is assumed that 
separation takes place if the REE mix contains at least one element that is not being stored. Elements 
are assumed to be stored in their unseparated form if all elements are being stored (and have a value 
of A = 0). Therefore, for example, the increased demand for lanthanum or cerium might be provided 
from storage, although it would require the separation of La/Ce. Whether this separation activity is 
triggered by the demand for lanthanum or cerium can be identified by the calculation of the 
determining co-product of this specific activity. The assumption is done that the revenue of either co-
product is sufficient to separate La/Ce. Lanthanum has the highest normalized market trend in the 
La/Ce mix from Bayan Obo, which is expected to be the largest contributor to the La/Ce storage. 
This makes lanthanum the determining co-product of this separation activity. Hence, the dataset of 
primary lanthanum contains inventory related to the separation of lanthanum and cerium. The 
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additional consumption of primary cerium does not lead to additional impacts, except, for example, 
impacts related to transport. 

 

Figure S1. Separation process of REEs [19,20]. The content of the REE mix determines 
whether the emphasis is put on the LREE or the HREE separation route. 

S3. Terbium 

Terbium is—similarly to europium—mainly used within phosphors, so the same reflection as 
for europium could be relevant [9]. Terbium is also used in permanent magnets, where it can displace 
dysprosium and vice versa [22]. In that case, the additional production of terbium might displace the 
primary mining of dysprosium. [22] states that dysprosium is not often displaced by terbium due to 
the important application of terbium in phosphors. In that case, the indirect effects due to the 
additional production or consumption of terbium are the same as of europium. However, Binnemans 
also states that the application of terbium in magnets may become more relevant when fluorescent 
lamps will be more and more displaced by LED lights [22]. The European Commission is not 
conclusive about the current market situation of terbium [9]. Binnemans mentions that terbium can, 
at the time of his writing, be supplied from storage [22]. Therefore, also for the marginal user of 
terbium, multiple scenarios are possible. Fluorescent lamps could be considered as the marginal user, 
which would make the dataset of terbium very similar to the dataset of europium. When fluorescent 
lamps are becoming superfluous due to the implementation of LED lights, terbium could substitute 
dysprosium or be supplied from storage. To show the consequences of divergent situations, we 
assume that terbium displaces dysprosium in a 1:1 mass ratio and no downstream effects take place. 
This assumption is highly uncertain and could be verified with price elasticities of demand (to 
identify the marginal user) and cross-price elasticities (to identify good substitutes) [23]. 
Unfortunately, price elasticities are not available for all materials in all applications. Scenario 
analyses—such as done for europium—could confirm the sensitivity of this assumption. 
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S4. LCI of CFL, LED, and Halogen lamps 

For the LCI of Scenarios 1 and 2 of europium, the full life cycles of a compact fluorescent lamp 
(CFL), LED lamp, and halogen lamp need to be modeled. The inventory used in the study is largely 
based on [24]. Some modifications were needed to be made, which are explained in the following 
sections. 

Scholand and Dillon [24] conducted LCA studies on 4 different lamps: incandescent lamps, 
CFLs, LED for the year 2012, and LED for the year 2017. Unfortunately, no inventory data is 
provided for halogen lamps. As this study provides the most detailed information for the largest 
number of types of lamps, we decided to use the LCI of incandescent lamps as a proxy for the LCI of 
halogen lamps. Only the use phase of the incandescent lamp is adapted according to the performance 
parameters of the halogen lamp (Table S10). With regard to the two LED lamps, we only used the 
inventory for LED for the year 2017, as this is considered to be the most up-to-date estimate. The 
functional output of the lamps that is used as basis for comparison is the “total lifetime light output”. 
This means that one would need 29 halogen lamps, 5 CFLs, or 1 LED (2017) in order to have the 
same output of light. Scholand and Dillon used the database ecoinvent 2.2. We modified the original 
processes to datasets of the consequential system model of ecoinvent 3.7.1. 

Table S10. Performance parameters for different types of lamps. 

 Incandescent [24] Fluorescent [24] LED 2012 [24] LED 2017 [24] Halogen [25] 

Power consumption 

(watt) 

60 15 12.5 6.1 43 

Lumen output (lumens) 900 825 812 824 750 

Efficacy (lm/W) 15 55 65 134 17 

Lamp lifetime (hours) 1500 8000 25000 40000 1500a 

Total lifetime light 

output (Mlm-hr) 

1.35 6.6 20.3 33 1.125 

Scaling factor 4.9 1 0.3 0.2 5.9 

aThis number is adapted to make the lifetime the same for incandescent lamps, which is the case in [25] 

LCI and impact assessment of a LED lamp 

The following adaptations have been made to the inventory of an LED lamp as described        
by [24]. 

Three-inch sapphire wafer manufacturing (per wafer) 

‐ The ecoinvent dataset for zeolite could not be adjusted—as suggested by Scholand and Dillon, 
due to the fact that the dataset is aggregated. 

LED die fabrication (per wafer) 

‐ AuSn solder: Gold {GLO}| market for | Conseq, S 
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‐ Energy: Electricity, medium voltage {CN}| market group for | Conseq, S 
‐ Target Al and TMAl: Aluminium, primary, liquid {GLO}| market for | Conseq, S 
‐ Target W: Palladium {GLO}| market for | Conseq, S 

LED packaging assembly (per LED) 

‐ Added: three-inch sapphire wafer manufacturing: 1/3250 p 
‐ Added: LED die fabrication: 1/3250 p 
‐ ESD diode: Diode, glass-, for surface-mounting {GLO}| market for | Conseq, S 
‐ Gold: Gold {GLO}| market for | Conseq, S 

LED lamp 

‐ Remote phosphor: 
o Yttrium oxide (from Longnan): 450 mg [26] 
o Aluminium hydroxide {GLO}| market for | Conseq, S: 550 mg (estimated from [27]) 
o Cerium oxide (from storage): 0.7 mg [26] 

‐ Plastic phosphor host: Polypropylene, granulate {GLO}| market for | Conseq, S 
‐ Inductor: Inductor, auxilliaries and energy use {GLO}| production | Conseq, S: 3 g 
‐ Capacitor SMD: 0.688 g (average weight of 0.086 g) 
‐ Electrolytic capacitor: 5.11 g (average weight of 1.29 g) 
‐ Diode: 127 mg (average weight of 32 mg) 
‐ Resistor SMD: 226 mg (average weight of 9.8 mg) 
‐ Resistor: 7.52 g (average weight of 3.8 g) 
‐ Transistor: 25.1 g (average weight of 6.34 g) 

LED packaging and transport 

‐ Packaging: Corrugated board box {ROW}| market for corrugated board box | Conseq, S 
‐ Transport sea: 20.000 km (to France) 

LED use phase 

‐ Energy in use: Electricity, medium voltage {FR}| market for | Conseq, S 

LED end of life 

‐ Lamp: Used fluorescent lamp {GLO}| treatment of | Conseq, U – Adaptations for 1 kg of 
lamp: 

o No emissions of mercury 
o Hazardous waste, for underground deposit {GLO}| market for | Conseq, U = 0 
o Glass cullet, from fluorescent lamps treatment {GLO}| market for | Conseq, U = 0 
o Aluminium scrap, post-consumer {GLO}| market for | Conseq, U = 0.8 kg 
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o electric arc furnace dust {RER}| market for electric arc furnace dust | Conseq, U= 0.2 
kg 

‐ Packaging: Waste paperboard {Europe without Switzerland}| market group for waste 
paperboard | Conseq, S 

Impact assessment 

Figure S2 presents the contribution analysis of the environmental impacts caused during the life 
cycle of 1 LED lamp. The results of Figure S2 represent Scenario 3, where europium is supplied 
from storage. The largest contributor to impacts is the manufacturing phase, of which the electronics 
(integrated circuit chip, printed wiring board, and transistor) generate the highest impacts and 
benefits. The environmental benefits generated at the end of life are due to the dataset that was 
chosen for the recycling of metals–represented by the recycling of aluminum. 

Figure S3 demonstrates the sensitivity of the impacts of the demand for a LED lamp to the three 
different scenarios for the marginal supply of europium. The inventory is slightly affected by the 
three scenarios, due to the fact that the lamp uses yttrium oxide. During the production of yttrium 
oxide from the Longnan deposit, dysprosium and europium are produced as co-product, resulting in a 
decreased production of dysprosium by the Southeast Guangdong deposit. The co-production of 
europium from the latter deposit is higher than from the Longnan deposit. Therefore, the net result is 
a decreased supply of europium to the market. 

 

Figure S2. Contribution analysis of the life cycle of 1 LED lamp; europium is supplied 
from storage (Scenario 3). 
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Figure S3. Relative environmental impacts caused by the demand for a LED lamp for 
the three scenarios for the marginal supply of europium. Scenario 1: marginal user is a 
CFL and CFLs only compete with LED lamps, Scenario 2: marginal user is a CFL and 
CFLs only compete with halogen lamps, Scenario 3: there is a surplus of europium and 
europium is supplied from storage. 

LCI and impact assessment of a Halogen lamp 

As stated above, the LCI for the halogen lamp is approximated by the LCI for the incandescent 
lamp from Scholand and Dillon. Their inventory is adapted as follows (for 1 lamp): 

Halogen lamp production 

‐ Filament—Tungsten: Tungsten concentrate {GLO}| market for tungsten concentrate | Conseq, 
S 

Halogen lamp packaging and transport 

‐ Packaging: Corrugated board box {RoW}| market for corrugated board box | Conseq, S 
‐ Transport sea: 20.000 km (to France) 

Halogen lamp use phase 

‐ Energy in use: Electricity, medium voltage {FR}| market for | Conseq, S = 64.5 kWh 

Halogen lamp end of life 

‐ Lamp: Municipal solid waste {RoW}| market for | Conseq, S 
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‐ Packaging: Waste paperboard {Europe without Switzerland}| market group for waste 
paperboard | Conseq, S 

Impact assessment 

This inventory resulted in a distribution of environmental impacts among the life cycle phases 
as presented in Figure S4. 

 

Figure S4. Contribution analysis of the life cycle of 1 halogen lamp. 

LCI and impact assessment of a Fluorescent lamp 

The following modifications are applied to the LCI of a fluorescent lamp from Scholand and Dillon. 

CFL production 

‐ “Yttrium Oxide” is modeled in more detail as follows: 
o Lanthanum oxide, from storage: 57 mg [18] 
o Cerium oxide, from storage: 135 mg [18] 
o Europium oxide, from marginal user: 30 mg [18] 
o Terbium oxide, from marginal user: 34 mg [18] 
o Yttrium oxide, from Longnan: 419 mg [18] 

‐ Capacitor: 3.44 g (average weight of 0.086 g) 
‐ Coil miniature: 50.4 mg (average weight of 16.8 mg) 
‐ Diode: 1.28 g (average weight of 32 mg) 
‐ Resistor SMD: 392 mg (average weight of 9.8 mg) 
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‐ Glass tube: 133 g (87% of the weight of a fluorescent lamp is glass [28]) 
‐ Copper: Copper-rich materials {GLO}| market for copper-rich materials | Conseq, S 
‐ Aluminium oxide: Aluminium oxide, metallurgical {CN}| aluminium oxide production | 

Conseq, S 

CFL packaging and transport 

‐ Packaging: Corrugated board box {RoW}| market for corrugated board box | Conseq, S 
‐ Transport sea: 20.000 km (to France) 

CFL use phase 

‐ Energy in use: Electricity, medium voltage {FR}| market for | Conseq, S  

CFL end of life 

‐ Lamp: New dataset created based on the inventory of [29] and information of [28]. It is 
assumed that mercury is not recycled [28]. 

‐ Packaging: Waste paperboard {Europe without Switzerland}| market group for waste 
paperboard | Conseq, S 

Impact assessment 

Figure S5 shows how the life cycle impacts of a CFL are built up, for the scenario in which 
europium is supplied from storage (Scenario 3). The impacts caused by the life cycle of a CFL 
(Figure S6) are more sensitive to the three scenarios for europium than the impacts of an LED lamp 
(Figure S3), due to the fact that more REEs are used in the CFL. 

 

Figure S5. Contribution analysis of the life cycle of 1 CFL lamp; europium is supplied 
from storage (Scenario 3). 
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Figure S6. Relative environmental impacts caused by the demand for a CFL for the three 
scenarios for the marginal supply of europium. Scenario 1: the marginal user is a CFL 
and CFLs only compete with LED lamps, Scenario 2: the marginal user is a CFL and 
CFLs only compete with halogen lamps, Scenario 3: there is a surplus of europium and 
europium is supplied from storage. 

Comparison of the three lamps 

Figure S7–S9 present the relative environmental impacts of the three lamps for the three 
different scenarios for europium, respectively. The results are calculated for the functional unit of 6.6 
Mlm-h, which is the lifetime light output of a fluorescent lamp (Table S10). It is interesting to notice 
that in Scenario 1 (Figure S7), the impacts of an LED lamp and a CFL are the same. This is 
explained as follows: europium oxide is used to make a CFL. By taking more europium from the 
market, less europium is available for the marginal user (also a CFL), resulting in an avoided 
production of CFLs as well as the avoided use and waste disposal of these lamps. Instead, there will 
be an increased production, use, and waste treatment of LED lamps. Therefore, the indirect effects of 
buying an additional CFL is the additional production, use, and disposal of (part of) an LED lamp, 
according to the output quantity of light of the two lamps. A similar effect takes place in Scenario 2 
(Figure S8), although in this case, the alternative product for the CFL is the halogen lamp. In 
Scenario 3 (Figure S9) the use of europium does not lead to indirect effects. Therefore, the main 
difference between the lamps is caused by the differences in the use of electronics during the 
production phase and the electricity consumption during the use phase of the lamps. 
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Figure S7. Relative environmental impacts caused by the functional unit (6.6 Mlm-h) for 
an LED, CFL, and halogen lamp in Scenario 1 (the marginal user of europium is a CFL, 
which competes with LEDs). 

 

Figure S8. Relative environmental impacts caused by the functional unit (6.6 Mlm-h) for 
an LED, CFL, and halogen lamp in Scenario 2 (the marginal user of europium is a CFL, 
which competes with halogen lamps). 
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Figure S9. Relative environmental impacts caused by the functional unit (6.6 Mlm-h) for 
an LED, CFL, and halogen lamp in Scenario 3 (europium is supplied from storage). 
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